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Introduction
During the period 1977 to 1985 the European Muon Collaboration (EMC) took data to perform a detailed series of measurements of deep inelastic muon nucleon scattering. In these experiments both the scattered muons and the hadronic final states have been measured. The NA2 (NAT) phase of the experiment in 1977-1980 (1983-1985) concentrated on high statistics measurements of forward produced hadrons in addition to measurements of inclusive muon scattering. The NA9 phase (1981) (1982) ) also included the backward region and provided powerful particle identification. This paper presents final results on the semi-inclusive distributions of forward produced charged hadrons from the NA2 and NA2' phase for muon scattering from proton and deuteron targets. It is based on 154000 events from #p-scattering and 219000 events from #d-scattering. The incident beam energies were 120, 200 and 280 GeV for the #p-and 100 and 280 GeV for the/~d-scattering. The large statistics available from these measurements enable detailed studies of the hadronic final states in small kinematic bins and allow detailed comparisons between the two targets.
Forward produced hadrons are the key to understand the fragmentation of the struck quark (current fragmentation). High statistical and systematic precision of the data is needed to measure subtile QCD effects such as scaling violations and factorisation breaking of the scaled energy distributions, especially because these effects are further distributed by residual target mass effects. Another, probably more direct, access to QCD effects is via the study of the transverse momentum Pt of the produced hadrons. Here charged lepton scattering experiments have the advantage with respect to e § eannihilation that the reference direction of the process, the virtual photon direction, is directly measured. However, the study of QCD effects in Pt spectra is complicated by the intrinsic transverse momentum of the quarks inside the nucleon and by a contribution usually assigned to the (nonperturbative) fragmentation process. Therefore precise measurements of the kinematic dependences are needed to determine the dominant variables and to disentangle the contributions from the different sources.
As leading hadrons predominantly contain the struck quark, information about the quark (charge) composition of the nucleon can be obtained from their distributions. The data allow a study of this aspect in a large range of xBj; superior to those of previous experiments. Comparison of data on muon scattering from protons and deuterons gives information on the charge structure of the neutron. The ratio of the valence quark distributions of the proton d~(x)/uv(x) can also be determined from this comparison. These data are complementary to neutrino scattering data and give important input and constraints to phenomenological quark distribution and structure function parameterisations needed for the analysis of hadron collider data. Finally, a sum rule derived by Gronau, Ravndal, and Zarmi [1] , which is related to the (square of the) ratio of the u and d quark charge, can be tested. Using the measurement of the average squared valence quark charge from the comparison of the muon-nucleon and neutrino-nucleon structure functions, the absolute charges of the u and d quarks can be determined.
This paper is organised as follows: In Sect. 2 we give briefly definitions of the variables and cross-sections. We describe how neutron rates have been extracted and introduce some other theoretical aspects.
Section 3 describes the apparatus, target setups, data analysis, and data sets, as well as cuts and corrections applied to the data. Sources of systematic errors are discussed and final systematic errors for semi-inclusive cross-sections and @2) are given.
Section 4 contains the physics results. First we present semi-inclusive scaled energy and transverse momentum distributions of charged hadrons. Here we restrict ourselves mainly to the presentations of final data and do not repeat the detailed analysis presented in several previous papers [2] . The complete presentation of the data allows versatile phenomenological studies, fitting of models etc. Then charge multiplicity ratios for protons, deuterons and neutrons are discussed in detail. The differences of charge multiplicities are shown and the ratio of the d~(x)/uv(x) valence quark distributions are extracted. Finally we present the first significant test of the Gronau et al. sum rule and the determination of the quark charges. The latter two subsections also include the necessary formulae, their derivation and a detailed discussion of the systematic errors.
In Sect. 5 we give a brief summary of the results of this paper.
Definition of variables and cross-sections
Throughout this paper we use standard variables relevant to deep inelastic scattering [3] which are Q2(v), the virtual photon squared four momentum (energy) transfer; x~j or simply x, the Bjorken scaling variable; y, the fraction of the muon energy transfer in the labora-tory frame; and W 2, the mass squared of the hadronic system recoiling against the muon; i.e.: 0 Q2 _-_ q2 = _ (k -k') 2 ~ 4 EE' sin 2 ~-,
q.Pv Y k.P E' W2=(p+ q)2 =M2 + 2Mv-Q 2.
k(k'), E(E') are the four momenta and energies of the incoming (scattered) muon respectively. P and M are the four momentum and mass of the target nucleon and 0 is the muon scattering angle in the laboratory frame. To describe the hadron kinematics we use the scaled hadron energy
P. h Ea Z--P.q v
and the square of the hadron transverse momentum with respect to the direction of the virtual photon, p2, where h is the four momentum of the hadron and Ea its energy.
In the quark-parton model (QPM) the structure function of the nucleon can be expressed as where ei are the quark charges and qi(x) the quark distribution functions; the probability densities to observe a quark i with momentum fraction x inside the nucleon. They obey relationships due to isospin and charge conjugation symmetries. For the distributions of the valence quarks, which define the quantum numbers of the nucleon, the following hold:
.--proton neutron . Further, the distribution of each type of sea quark is identical with that of its anti-quark partner inside the nucleon, so that in total the sea quarks carry the quantum numbers of the vacuum. The naive QPM assumes independence of the actual virtual photon quark scattering and the fragmentation of the struck quark. Thus, if Dh(z) is the probability density that a quark of type i fragments into a hadron h with energy fraction z, the normalised scaled energy distribution can be described as 
U v (X)
where N, denotes the number of events and Nn the number of hadrons.
This equation also holds in QCD in the leading log approximation. The explicitly written Q2 dependence is due to QCD scaling violations of either the quark distributions or fragmentation functions. Higher order terms such as vertex corrections lead, in principle, to an x dependence of the fragmentation functions, thus to a (small) breaking of the factorising QPM ansatz.
Following the basic idea of the QPM we choose to present all hadron cross-sections as normalised differential cross-sections as a function of z or p~. To show dependences on p~ and z simultaneously, we present 1 dN h Nu" dPt z in z bins. Previous studies of the azimuthal angle distribution in this experiment [4] have shown that it can be understood in terms of the QPM and QCD. Hence all distributions have been integrated over the azimuthal angle.
We do not show results on the characteristics of event P~/Pt as the apparatus shapes, like Thrust, Sphericity, iu out acceptance is limited to the forward region and thus, only a small part of the tracks can be used to determine such quantities. We refer to results of previous analyses of the EMC [5] .
For the derivation of the hadron production rates from neutrons we assumed that scattering from the deuteron takes place incoherently off the proton and neutron, because the deuteron is a weakly bound nuclear system (binding energy ~2.2 MeV). Apart from Fermi motion no evidence for other nuclear effects has been observed so far [6J. The corrections for Fermi smearing have been computed [7] and the influence on the hadron production rates was found to be less than 0.5% in the region x < 0.5 and has therefore been neglected. The hadron production rates from neutrons have been derived by subtracting the proton rate from the deuteron rate weighted by the cross section ratio equal to F~(x)/Fd(x).
F~(x)/F~(x) was taken from a linear parameterisation of the EMC data [7J. This ratio has been well measured by different experiments (see [8, 9] for a summary). A comparison, especially with the new precise measurement of the NMC [9] , shows that an x dependent error of 5-10% covers the systematic uncertainty of this parameterisation for the applied range in x. The measurement of the structure functions in deep inelastic charged lepton nucleon scattering cannot provide direct information about valence quark distributions. Through F~(x)/F~(x) one can obtain information about the ratio of the distributions of all d and u quarks inside the proton, neglecting s g and heavier quarks,
For high x this reflects the ratio of the valence quark distributions d~(x)/u,(x), which in this region is less than 1/2 and decreases as x increases. For small x, however, the sea significantly contributes to the cross section. The additional measurement of the hadronic final state provides a possibility to separate that part of the cross section originating from the sea, so that a direct measurement of d,,(x)/u,,(x) becomes possible. In terms of the standard ideas on quark fragmentation, the hadron produced at the largest values of z will most likely contain the struck quark. Hence the charge and z dependence of the energy distributions are sensitive to the flavour of the fragmenting quark [10] . The difference of the normalised scaled energy distributions for positive and negative particles does not depend on sea quark, but only on valence quark distributions. Starting from (1), and using relations between fragmentation functions and between quark distribution functions, it is evident that the ratio d,,(x)/uv(x) can be extracted by constructing ratios of differences of charge multiplicities obtained from scattering from protons and neutrons. Explicitly we give the formulae in Sect. 4.4.
Experiment, data and analysis
The experiment was performed in the M2 muon beam line at the CERN SPS using the EMC forward spectrometer to detect the scattered muons and the fast forward hadrons. The data were taken in 11 experimental runs with incident muon energies of 100, 120, 200 and 280 GeV. The data sample consists of two parts, data taken in 1978/79 with a hydrogen target and in 1985 with a combined deuterium/copper target. The apparatus and target for the hydrogen data is described in detail elsewhere [-11, 12] . The forward spectrometer for the 1985 data was similar to that described in [11] , but modified to allow data to be taken at higher incident beam intensities [13] . The combined deuterium/copper target was designed to study the EMC effect [14] in detail, but for this analysis only events with a reconstructed vertex inside the liquid deuterium targets have been used. A comparison between the hadronic distributions from lad-and laCu-scattering can be found in [15] .
The data were passed through a chain of analysis programs, in which pattern recognition and geometrical reconstruction of the incident and scattered muon as well as any charged hadron, which passed through the forward spectrometer, was performed. A vertex fit using the incident and scattered muons and hadrons was also performed. The vertex resolution is such that the individual targets can be clearly separated. Details of the hydrogen data analysis can be found in [16] and for the deuterium analysis in [17] . Although the reconstruction and analysis programs for the two data sets are different due to the large time gap, the philosophy of data reconstruction and analysis is almost the same.
For the track and event selection kinematical cuts (see Table 1 ) have been applied to both data sets. They were chosen to avoid regions where smearing, due to resolution and radiative effects, was large or where the acceptance was small or varied rapidly. This leaves for the hydrogen data set 154000 events and 219000 events for the deuterium data set, both covering the same kinematic range (see Table 2 ). A track is considered to belong P3B279  H 2  120 GeV  24000  35000  P3A 179  He  200 GeV  10000  49000  P3A2 79  Hz  200 GeV  23000  71000  P3 B 179  H 2  200 GeV  20000  83000  P4A79  H2  280 GeV  17000  32000  P4B 79  He  280 GeV  24000  35000  P8B78  Hz  280 GeV  36000  45000 Number of events p-target: 154000 350000
to an event, if its distance of closest approach to the vertex formed from the incoming and scattered muons is compatible with its error [16, 17] . For all data the acceptance of the apparatus was calculated from a complete Monte Carlo simulation using the Lund string model [-18 20] to simulate the fragmentation processes. For the pZ-distribution, where the agreement between data and Monte Carlo was unsatisfactory the Monte Carlo tracks have been reweighted in an iterative procedure to follow data. Radiative effects due to QED processes have been included in the simulation [21] as well as secondary interactions of the produced particles in the target material. The scattered muon and the produced hadrons were tracked through the spectrometer taking into account the effects of multiple coulomb scattering. For the analysis of the deuterium data secondary interactions of all particles inside the spectrometer material have also been simulated. The effects of hodoscope and chamber inefficiencies and resolutions have been taken into account when generating the response of the apparatus. In addition to these signals, background hits determined from the data has been added. For the analysis of the deuterium data a more refined method has been used [22] . The simulated data were "digitised" and then passed through the full reconstruction chain to correct for imperfections in the off-line analysis. The mea- In Table 3 we show all the individual contributions to the total systematic error, which were considered to be relevant, for the normalised differential distributions 1 dN 1 dN --and for (p2), separately for the hydrogen N u dz 'N u dp 2 and deuterium analyses. These quantities do not depend on the absolute flux normalisation. The smaller errors for the latter analysis reflect a better understanding and simulation of the apparatus; a detailed discussion can be found in [17, 233 . All contributions have been added in quadrature as they are essentially uncorrelated. The final systematic errors are almost independent of the kinematics and are also given in Table 3 . For the mean transverse momentum (p2) the systematic error is significantly smaller as contributions affecting the normalisation cancel. Neglecting normalisation uncertainties, the remaining systematic error amounts to about 60% of the quoted total systematic error. The final systematic errors have been checked by making comparisons between the different data sets in all variables. Figure 1 shows the x and Q2 dependence of the differential scaled energy distributions for all charged hadrons from both targets. Both data sets agree well within the statistical and systematic errors. This is expected within the QPM. Due to isospin invariance, the charge multiplicities of pions from scattering from protons and deuterons are expected to be equal. However, because of the presence of kaons and protons in the hadronic final state small differences are expected. Using the Lund fragmentation model [20] one can show that the expected differences should be smaller then 0.5% for z < 0.4 and smaller than 2% for z > 0.4. Such small differences are well below the accuracy of the data. The x-and QZ-dependence present in the data is more clearly evident from the linear fits in In Q2 to the data (see dotted lines in Fig. 1 ). The behaviour of the data has already been discussed in detail in previous EMC publications [24] [25] [26] using a subset of this data. Especially in [25] evidence for QCD scaling violations in the hadronic final state at fixed centre of mass energy W 2 has been presented. In particular it has d(1/U, dN/dz) been shown that the logarithmic slopes d.ln Q2 as function of z show the pattern typical for QCD scaling violations.
The scaled energy distributions were compared with different versions of the Lund fragmentation model [18] [19] [20] , which have been available during the data analysis. For this comparison we have merged the proton and deuteron data to form one high statistics data set (see Table 15 in the Appendix). 
Results

Scaled energy distributions
The normalised differential scaled energy distributions 1 dN N u dz have been determined separately for positive and negative hadrons as well as for all charged hadrons in small bins of x and Q2 or Wand Q2. The bins are defined in Table 7 in the Appendix. The corresponding cross sections together with the mean values of the event variables are also presented in the Appendix (Tables 9-14) .
Transverse momentum distributions
In this Sect. we present the pt 2 dependence of the cross section for all charged particles. Because extensive studies [23] have not shown any significant difference between the proton and deuterium data, both data sets have been merged. The high statistics of the resulting data set allow studies of the cross sections up to high values of p2 in different kinematical regions.
In Fig. 3 we show the inclusive p2 distributions in z and W 2 bins. The corresponding cross sections are ' , inspired by data using the ansatz Nuu ap, a propagator form. The mass term m obtained from the fits is in the range 0.6-1.6 GeV (excluding the very low z and W 2 bin), the power e is in the range 1.4~2.6, with a central value close to two. Thus the fall off of the measured cross section at large p2 (p2 ~m 2) indicates the power law behaviour ocl/p 4, as expected from QCD. Further, the measured mean squared transverse momentum (p~) for charged hadrons was analysed. Figure 4 shows the W 2 dependence of (p{) in z and Q2 bins (Table 17) . A linear increase of (p2) with In W z is seen for all z, Q2 bins, and this is more pronounced in the high z region. The lines represent linear fits in In W 2 to the data.
To investigate a possible Q2 dependence, such as that observed for the z distributions at fixed W 2 [25] , we plot in Fig. 5 the fitted (p2) in each z bins for a central W 2 value of 200 GeV 2. The data for Q2 > 5 GeV 2 show no Q2 dependence. Only for the lowest Q2 bin (2 GeV 2 < Q2< 5 GeV 2) the average pt 2 is slightly smaller, which is presumably due to the contribution of elastic and quasi-elastic events 9 Because x ~ (WZ/Q 2 + 1)-1, this implies no significant x dependence, except for very small x. This confirms, with increased precision, the conclusions of earlier EMC experiments [27, 28] that W 2 and z are the relevant variables for the p2 behaviour.
In Fig. 6 the W 2 dependence of (p~) (see also Table 18 ) are compared to those from other experiments.
Here the high precision of our data can be seen. They agree well with the results of a vNe-scattering experiment a low W 2 range [29] and with the previous measurement of this experiment [27] apart from a slight discrepancy in the lowest z bin. The (p~) dependence on z 2 for different W 2 bins is shown in Fig. 7 . At small z 2 the expected rapid rise of (p{) with z 2 (seagull effect) is observed. This is more pronounced for the high W 2 bins. For z >0.4, the increase is much smaller for the low W 2 bins; for the high W 2 bins (p2) reaches a plateau or even shows a falling trend. The parton shower model (model 3), which fits e + edata well [32] , fails to describe the size of (p2) as well as the dependence on W 2. This is due to an underestimation of the cross section at large p~ [23] . Simple retuning of the model parameters does not change the pt z behaviour sufficiently in order to describe the data [33] . The matrix element version of the model (model 2) describes the shape of the W z dependence. However, it underestimates (p2) significantly for large z (z > 0.4). This discrepancy cannot be cured by increasing the intrinsic k,, because this would cause a disagreement with backward produced hadrons as shown earlier by the EMC [28] . Only the older version Lund 4.3 (model 1), which accounts for soft gluon radiation processes, reasonably describes the data, except for a small underestimation on (pZ) in the highest z range.
The same behaviour of the models is demonstrated . ; 0% t.
\. in Fig. 9 , where <p2> of hadrons produced at W 2 > 150 GeV 2 is plotted versus z 2. Model 1 shows again the best description, but the trend of the data to reach a plateau or eventually decrease at high z 2 is not reproduced. Summarizing our comparisons to Monte Carlo models it can be said, that only the older Lund 4.3 model (model 1), which includes contributions due to soft gluon radiation, is able to describe both the z and p2 behaviour of the data.
Charge multiplicity ratios
In this Sect. we compare ratios of charge multiplicities for #-scattering from protons, deuterons and neutrons. The derivation of the charged hadron production rates from neutrons was performed using (2) . Figure 10 shows the ratio of the integrated charge multiplicities for muon scattering from protons, deuterons and neutrons versus Comparison of the ratio from the #n-data to [35, 36] ; The errors shown are statistical only x in two different regions of z, from 0.1 to 1 and from 0.3 to 1. The data have been integrated over the whole Q2 range, as, for the ratios, no significant dependence on Q2 was seen in our data. Generally, the observed x dependence is stronger for the higher z range, as with increasing z the probability ratios are closer to unity for p, d and n. Here fragmentation effects and resonance decays dominate. The x dependence of the charge multiplicity ratios in small bins of z can be found in Table 19 in the Appendix.
The observed x dependence of the charge multiplicity ratios can be interpreted as follows. At small x, the ratios for muon scattering from all these targets approach each other close to unity due to the dominant contribution of the sea quarks to the cross section. For increasing x we see, when scattering from the proton, the expected strong increase of the excess of positive particles due to the dominance of the positive u quarks at high x. This effect is still seen for the isoscalar deuteron, as the virtual photon couples preferentially to the positive u quark. For the neutron we observe, for both z ranges, that the charge multiplicity ratio is significantly above unity for a wide range of the x region covered by our data.
A neutral electromagnetic current probing a neutral target shows an excess of positive charged hadrons in the forward scattering hemisphere over a wide kinematic range. This proves a charge composition of the neutron, where the magnitude of the charge of the positive constituents must be greater than that of the negative, also implying more than two charged constituents. This was also observed at a significant level in a previous publication [34] . In addition, contrary to the proton and deuteron data, the charge multiplicity ratio for the neutron shows a slight decrease with x. This confirm independently the behaviour of the quark distribution functions inferred from the structure functions measurements; at high x the dv(x) distribution in the neutron predominates over the u~(x). A cross over to negative values of the ratio is expected for x between 0.5 and 0.6.
The systematic error on the measured charge multiplicity ratio for the neutron is estimated to be 3% for low x rising to 12% for the highest x data point. It is dominated by the uncertainty of the different acceptances for positive and negative hadrons in the EMC forward spectrometer [17] .
In the low x region a comparison can be made with a previous experiment [35] in a similar energy range. The data agree well in the overlap region for both, #p-and # n-scattering (see Fig. 11 a, b) .
Determination of d~(x)/u~(x)
Taking the difference of the normalised scaled energy distribution (1) 
where ~' e~ qi has been replaced by the correspond-
ins structure function F2. Considering only the production of pions in the hadronic final state, then using isospin invariance
can be rewritten for muon scattering from protons and neutrons separately as follows:
(.aN; + dN;-]
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To improve the accuracy of the experimental evaluation, the above equations can be integrated over a range in z. Taking the ratio of these integrated equations, the difference of the fragmentation functions cancels and one can directly solve for dv(x)/u~(x) which, for fixed Q2, is a function of x only
where N~(x) is to be measured by the experiment
In this experiment the possibility to identify hadrons is limited. Therefore (6) has to be corrected for the presence of charged kaons and (anti-)protons in the hadronic final state, but as pions are the dominant particles, the correction is expected to be small. If one includes the fragmentation into charged kaons and (anti-)protons, the ratio takes the following form
where Nh(x) denotes the same ratio as N~(x) above, except that all hadrons are used now instead of only pions in case of N~(x). A contains only the fragmentation functions, which in the QPM are independent of the scattering process thus independent of x:
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A is limited to be between 0 and 1 and has been estimated with the recent fragmentation models by the Lund group [-19, 20 ] to be 0.4-t-0.1. For the experimental evaluation of (8), all quantities in Nh(x) containing hadron production rates from neutrons have to be expressed by production rates from deuterons using (2) . Further, after integration over the whole range accessible in z, it becomes
(lO) Figure 12 shows the difference of the integrated charge multiplicities in the z range 0.1-1 for muon scattering from protons and deuterons in different bins of x. The main systematic uncertainties in the determination of dv(x)/uv(x), which are discussed in more detail in [17] , are the following: The Lund model gives a satisfactory description of the scaled energy distributions and particle composition in deep inelastic lepton nucleon scattering E38] as well as for e § e-annihilation experiments [393. As A contains only the process independent fragmentation functions, and is independent of x, this term can be estimated using this fragmentation model. Reasonable variations of the fragmentation functions, which respect both energy and momentum conservation lead to a change of A always smaller than 20%. This leads to a 1% uncertainty in dv(x)/u~(x) at small x and 6% at high x. 9 QCD effects: As the derivation of (8) is valid in the leading log approximation of QCD, only higher order effects may affect it. Detailed studies with the Lund model [20] , containing QCD processes up to first order in ~s, allow to estimate the corrections to the data. They influence d~(x)/u~(x) by at most -3% at x = 0.1 and less than -1% at small and large x. This is confirmed by the parton shower version [20] . The correction is small since the main contribution coming from the fragmentation of hard gluons cancels exactly, because only differences of charge multiplicities are being used. The uncertainty is assumed to be half of the correction. Non perturbative QCD effects (higher twists) in the structure functions, as well as in the hadronic final state, have been shown to be negligible in the kinematic range of this experiment [26, 40] . This is also valid for the elastic or quasi-elastic production of resonances [-413. 9 Acceptance corrections: To keep the systematic uncertainties of the differences as small as possible, the charge multiplicities have been renormalised such that the sum of the positive and negative charge multiplicities for the proton and deuteron data agree with their average. These corrections are of the order of 5% and are mainly due to global normalisation shifts between the data sets. The uncertainty in the absolute normalisation cancels, as only the ratio of multiplicities is needed. The remaining uncertainties are due to the different acceptances of the spectrometer for positive and negative charged particles varying with x. 
F~ (x)/Ff(x)
is needed, only the relative normalisation uncertainty contributes. For the ratio, the same linear parametrisation of the EMC data [7] is used as for the determination of the neutron rate (see Sect. 2). The uncertainty is assumed to be 5-10% depending on x. Table 4 contains the systematic uncertainties for dv(x)/uv(x) deduced from the above considerations. Figure 13 shows the ratio of the differences of deuterium to proton data, before and after the corrections discussed above. The changes are well within the statistical errors. Figure 14a , and also Table 5 , show the final result for dv(x)/uv(x). The error bars of the data points represent the statistical errors, the systematic uncertainty is drawn at the bottom of the picture. Figure 14b shows the data points, together with previous measurements of two neutrino scattering experiments [42, 43] . For the EMC and CDHS data statistical and systematic errors have been added in quadrature. [42] and CDHS [43] . The lines represent two theoretical predictions using Regge arguments (solid line [44] , dotted line [45] ). For the EMC and CDHS data statistical and systematic errors are added in quadrature. For the BEBC data no systematic errors have been quoted, c Comparison with different parameterisations of the quark distribution functions. DFLM [46] is based on neutrino data only, whereas MRSB and MRSE [47] is derived with additional information taken from the deep inelastic muon nucleon scattering experiments BCDMS (dotted curve) and EMC (dashed curve) 45] respectively. These are excluded already by the data at x>0.1. To fulfil the fundamental sum rules 1 1 uv(x) dx=2, ~ dv(x)dx= 1, the ratio has to be greater 0 0 than 1/2 somewhere in the low x region, as it is less than 1/2 for high x. Such behaviour is indicated by the EMC data. The height of the necessary increase of dv(x)/u~(x) above 1/2 is dependent on the absolute valence quark distributions. Therefore Fig. 14c compares the data with selected quark distribution parameterisations, which fulfil the above sum rules. The solid curve shows the parameterisation by DFLM [46] , based on neutrino data only. For the dashed and dotted curves by MRS [47] , the neutrino data are used only to fix the sum of the valence distributions d~(x)+u~(x). The remaining information needed was taken from the deep inelastic muon nucleon scattering experiments of the BCDMS (dotted curve) and the EMC (dashed curve). The first parameterisation is similar to the parameterisation by DFLM while the second parameterisation shows a significant increase above 1/2 at lower x, still fulfilling the sum rules. This analysis cannot discriminate between the parameterisations.
Finally, the ratio d~(x)/uv(x) characterises the structure of the nucleon with respect to the dynamical distribution of the valence quarks. The good agreement between the results coming from deep inelastic p-nucleon scattering and the results from neutrino scattering shows that, in addition to the absolute structure function measurements, the charged and neutral currents are probing the same substructure of the nucleon.
Determination of the sum rule by Gronau et al. and determination of the quark charges
The sum rule derived by Gronau, Ravndal and Zarmi [1] correlates the number of valence quarks inside the nucleon with their electric charges. The sum rule can be obtained by integrating (5) over the entire range in x from 0 to 1 in order to replace the quark distribution function by the number of valence quarks. For the ratio, the fragmentation functions cancel, giving
where N~r is the quantity to be measured by the experiment 
Apart from the assumed number of one d and two u valence quarks inside the proton and their electric charges, (11) and (12) contain only directly measurable quantities; namely, the absolute structure functions F2 and differences of charge multiplicities. 
where the measurable quantity Nh r is
For this measurement we used the charge multiplicity differences as shown in Fig. 12 . For the absolute structure functions F~ 'p we have used fits to the EMC proton and deuteron data [12, 48] . The integral contains a factor F2/x diverging proportionally to the rise of the sea in the nucleon. However, this term is multiplied by the
charge multiplicity difference \ dz -~z-z which approaches zero as the contribution of the symmetric sea to the cross section increases. So we expect the integral to converge at small x. Figure 15 a shows the two integrals used for the determination of ~h6 r as a function of the lower limit of the integral Xmi,. The data indicate a converging behaviour, but clearly, the limit is not reached at the smallest values of Xmin. AS both integrals follows the same functional behaviour (see definition of ~hr, (15) ), the ratio is expected to converge faster. This is shown in Fig. 15b where only a small variation of the ratio over the whole range in Xmin is seen. Therefore we use the value N~r = 1.41 +0.06 at Xmin=0.02 for the determination of the sum rule. The lower limit of x has been chosen so as to minimize the final experimental error for the sum rule.
The sources of systematic uncertainties are summarised in Table 6 . The main uncertainty is due to the structure function measurements, where only the relative normalisation uncertainty between proton and deuteron data [49] contributes significantly. Changing the absolute normalisation of the structure functions to the normalisation obtained by BCDMS [50] gives only a minor contribution as can be seen in the Table. Another significant contribution to the systematic error is due to the determination of the charge multiplicity differences and the correction A, as already discussed in the previous section. In addition, the absolute normalisation uncertainty for the charge multiplicities has to be included. The uncertainty due to the unmeasured part of the integrals between x = 0-0.02 was estimated using many dif- [51] . It was found that these parts influence the result of the sum rule in average by 2%. As a further consistency check, the lower boundary of the integral in z in formula 15 has been set to 0.15 and 0.2 leading to changes of -10% and + 5% respectively, which are consistent with the statistical errors. Finally, the value of the right hand side of the sum rule (14) is determined to be 2 2 (e," 1 --ea" 2) ]e,I --
The result shows that the absolute charge of the d quark is lower than the u quark charge and is in good agreement with the QPM expectation of 1/2. Finally, the absolute charges of the u and d quark separately can be determined using the ratio of the struceu + ed ture functions F~'N 2 2 --= 0.289 + 0.006stat "t-0.015sy s Fj N-2 measured in deep inelastic muon nucleon and neutrino nucleon scattering [7] l e.I = 0.66 + 0.03stat _____ 0.05sys, l edl = 0.37 + 0.05stat + 0.05sy~. The result confirms very well the QPM expectations.
Summary
Precise charged hadron multiplicity spectra have been presented as a function of z in fine (Q2, xB~) and (Q2, W) bins for muon scattering from protons and deuterons. The data ~how the pattern of scaling violation and factorisation breaking expected from QCD. The corresponding p2 spectra show a tail at large p2, more pro-1 nounced at high z and W 2, which falls oc~t 4 as expected from QCD. The average squared transverse momentum can be described at fixed z by a linear dependence on log W 2 only. No significant Q2 dependence is observed withing the small statistical and systematic errors of our data for Q2 bigger than 5 GeV 2.
The matrix element and parton shower versions of the Lund 6.3 model fail to reproduce the shape of the p2 spectra, however, they describe well the pattern of z spectra. The older Lund 4.3 matrix element model, which includes contribution due to soft gluon radiation, describes resonably well the z and p2 behaviour of the data.
The charge multiplicity ratios have been deduced for muon scattering from protons, deuterons and neutrons. They show stronger dependences for higher z ranges, as expected if the fast hadrons contain the struck quark. For protons a strong rise with xB~ is observed. This is due to the excess of u quarks in the proton at large xBj. For deuterons the increase is less pronounced. The charge multiplicity ratio for neutrons is positive and decreases slightly with xBj. This proves, in a model independent way, that the neutron has more than 2 charged constituents and that the positive constituents carry a bigger charge than the negative. The tendency of the ratio to decrease with increasing xB~ can be understood by the dominance of the d quark in the neutron at large XBj.
Table 8. p~ bins for inclusive p~ distributions
A novel method has been presented to extract, for the first time in charged lepton scattering, the ratio of the valence quark distributions dv(x)/uv(x) from the measured charge multiplicity differences. The result agrees with previous neutrino measurements obtained by a different method and also extends the measurements to smaller xnj. In this region the ratio dv(x)/uv(x) is bigger than expected from Regge considerations.
Finally, the Gronau et al. sum rule has been tested; the measured sum being 0.31 _+ 0.06_+ 0.05, compared to the theoretical expectation of 2/7 = 0.286. This is the first significant test of this sum rule. From the measured sum, the absolute ratio of the d to u quark charges has been inferred to be leal/le,,I = 0.44 _ 0.10stat -t-0.08sy s . Together with results of the average squared quark charge extracted from the neutrino and charged lepton structure function measurement, the absolute electric charges of the u and d quark are determined to be leu1=0.66_0.03 _+ 0.05 and lea[ = 0.37 + 0.05 + 0.05, respectively.
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Appendix
The appendix contains the Tables for the normalised 1 dN differential scaled energy distributions .--for posig u dz tive and negative hadrons as well as for all charged hadrons in small bins of x and Q2 (Tables 9 11) or Wand Q2 (Table 12 14 ) and for the merged proton and deuteron data set (Table 15) . Tables 16a, b contain the inclusive pt 2 distributions in z and W E bins. The W 2 dependence of the mean transverse momentum (pt 2) in z and Q2 bins is given in Table 17 and in Table 18 . The latter has been integrated over Q2. Finally Table 19 contains the ratio of charge multiplicities in different bins of x and z. All errors quoted are statistical errors only.
The kinematic bins used for these tables are defined as follows in Tables 7 and 8 : dN u dp, 1 dNh dN. dp 2 Table 17 . W 2 dependence of (p~) in bins of z and Q2 for the merged data set 
